There is strong evidence that the core deficits of schizophrenia result from dysfunction of the dopamine (DA) system, but details of this dysfunction remain unclear. We previously reported a model of transgenic mice that selectively and reversibly overexpress DA D2 receptors (D2Rs) in the striatum (D2R-OE mice). D2R-OE mice display deficits in cognition and motivation that are strikingly similar to the deficits in cognition and motivation observed in patients with schizophrenia. Here, we show that in vivo, both the firing rate (tonic activity) and burst firing (phasic activity) of identified midbrain DA neurons are impaired in the ventral tegmental area (VTA), but not in the substantia nigra (SN), of D2R-OE mice. Normalizing striatal D2R activity by switching off the transgene in adulthood recovered the reduction in tonic activity of VTA DA neurons, which is concordant with the rescue in motivation that we previously reported in our model. On the other hand, the reduction in burst activity was not rescued, which may be reflected in the observed persistence of cognitive deficits in D2R-OE mice. We have identified a potential molecular mechanism for the altered activity of DA VTA neurons in D2R-OE mice: a reduction in the expression of distinct NMDA receptor subunits selectively in identified mesolimbic DA VTA, but not nigrostriatal DA SN, neurons. These results suggest that functional deficits relevant for schizophrenia symptoms may involve differential regulation of selective DA pathways.
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ventral tegmental area | dopamine D2 receptor | burst activity | NMDA receptor | schizophrenia D eficits in cognition and motivation are core features of schizophrenia (1, 2) . These symptoms are listed in the Diagnostic and Statistical Manual of Mental Disorders, Fifth Edition as a diagnostic criterion for schizophrenia spectrum disorder (3) and have a significant impact on patients' overall functioning and quality of life (4, 5) . Currently, there are no effective treatments for these disabling aspects of the disease. Therefore, a high priority in the study of schizophrenia is to increase our understanding of the neurobiology of cognitive and motivational deficits. The midbrain dopamine (DA) system affects cognition and motivation in healthy subjects. It includes DA neurons of the ventral tegmental area (VTA), projecting to prefrontal cortex (PFC) and limbic areas (e.g., ventral striatum), and DA neurons of the substantia nigra (SN), projecting to the dorsal striatum (6) . Involvement of the midbrain DA system is strongly implicated in both the cognitive and motivational deficits observed in schizophrenia (7, 8) . Moreover, it is well documented that the DA system is altered in patients with schizophrenia (reviewed in refs. 9, 10) .
To model the increase in striatal DA D2 receptor (D2R) activity observed in patients with schizophrenia, we previously generated transgenic mice that selectively and reversibly overexpress D2Rs in the striatum (D2R-OE mice) (11) . In this model, expression of the transgenic D2Rs is restricted to the postsynaptic medium spiny neurons in the striatum and can be temporally regulated. D2R-OE mice display phenotypes strikingly similar to the cognitive and negative symptoms of schizophrenia. Cognitive phenotypes of D2R-OE mice include deficits in working memory tasks, behavioral flexibility, conditional associative learning, and timing (11) (12) (13) (14) . D2R-OE mice also exhibit phenotypes similar to the negative symptoms of schizophrenia: a deficit in incentive motivation, without disruption of hedonic processes (13, (15) (16) (17) . We previously reported that these behavioral deficits in striatal D2R-OE mice are accompanied by changes in cortical DA function (11, 18) . D2R overexpression restricted to the striatum led to alterations in DA function in the PFC. These alterations include changes in both the amount and rate of turnover of DA in PFC tissue, as well as changes in the activation of D1 receptors in the PFC in vivo. We also identified changes in inhibitory transmission and DA sensitivity in the PFC of D2R-OE mice (18) .
The finding that increased D2R expression restricted to the striatum leads to changes in DA function in the cortex suggests that a central component of the DA midbrain system is perturbed in the D2R-OE mice. We therefore set out to determine whether
Significance
Patients with schizophrenia suffer from cognitive and negative deficits that are largely resistant to current therapeutic strategies. Here, using a genetic mouse model that displays phenotypes similar to these cognitive and negative symptoms, we found that increased postsynaptic D2 receptor (D2R) activity in the striatum leads to changes in the firing pattern of presynaptic dopamine (DA) neurons of the midbrain. These alterations occur in the ventral tegmental area (VTA) of the midbrain, but not in the substantia nigra, suggesting that DA pathways may be differently regulated by striatal D2R hyperactivity. The changes in neuron firing patterns were accompanied by a reduction in NMDA receptor subunits selectively in dopaminergic VTA neurons, providing a potential new target for the treatment of schizophrenia symptoms.
these changes might be occurring at the level of presynaptic DA neuron activity. To determine if increased postsynaptic D2R activity in the striatum has an impact on the electrophysiological activity of DA midbrain neurons, we performed single-unit extracellular recordings and juxtacellular labeling of individual DA midbrain neurons in vivo from D2R-OE mice and their control littermates. We found that increased D2R activity in the striatum changed the electrophysiological properties of DA neurons in the VTA, whereas DA neurons in the SN remained unaffected. Specifically, we found that in the DA VTA neurons, both the firing frequency and burst activity were reduced in D2R-OE mice compared with controls. When we switched off the transgene in adulthood, the firing frequency was rescued but the decrease in burst activity was not. This dissociation of the two phenotypes may reflect potentially reversible and irreversible components of DA pathophysiology. In vivo burst activity of DA neurons is under powerful control of NMDA receptor currents (19, 20) . To investigate a potential molecular mechanism for the observed alterations in the activity of DA neurons, we quantified NMDA receptor subunit mRNA levels in DA neurons of both the mesolimbic and nigrostriatal pathways. Consistent with the electrophysiological deficits, we found a specific reduction of NMDA receptor subunit 1 (NR1) and NR2B expression selectively in mesolimbic DA neurons of the VTA in D2R-OE mice.
Results
Increased D2R Activity in the Striatum Reduces the Firing Rate and Burst Activity of Midbrain DA Neurons Selectively in the VTA, but Not in the SN. To investigate the influence of increased postsynaptic striatal D2R levels on firing patterns of DA midbrain neurons within the basal ganglia network, we carried out single-unit recordings in vivo in isoflurane-anesthetized D2R-OE and littermate control mice. To identify and localize DA neurons unequivocally, we combined extracellular single-unit recordings with juxtacellular single-cell labeling and post hoc immunohistochemistry. The DA cell phenotype was verified by detection of the marker enzyme tyrosine hydroxylase (TH) in neurobiotinlabeled cells. We only included in our data analysis recordings from juxtacellularly labeled and neurochemically identified DA neurons. We focused on DA neurons in the posterior VTA, which project to the PFC or to distinct limbic areas, such as medial regions of the nucleus accumbens (NAc), as well as DA neurons in the SN projecting to the dorsal striatum (21) . Fig. 1 shows representative examples of in vivo activity and identification of DA VTA and DA SN neurons from control and D2R-OE mice. All neurons displayed spontaneous firing rates between 0.1 and 10 Hz, and action potentials occurred regularly or irregularly in a single-spike or bursting pattern. Statistical analysis ( Fig. 2 and Table S1) revealed that the mean firing frequencies of DA VTA neurons from D2R-OE mice were about 35% lower compared with the mean firing frequencies of DA VTA neurons from control mice ( Fig. 2A ; control: 3.7 ± 0.4 Hz, n = 28 cells, n = 14 mice; D2R-OE: 2.4 ± 0.3 Hz, n = 22, n = 8; t test: t (48) = 2.7, P = 0.010). The variability of firing for DA VTA neurons [expressed as the coefficient of variation (CV)], however, was not different from D2R-OE mice compared with controls (Table S1 ). In contrast to the difference in firing frequencies of DA VTA neurons from D2R-OE and control mice, we found no effect of genotype on firing frequencies in DA neurons of the SN (control: 4.6 ± 0.5 Hz, n = 16, n = 8; D2R-OE: 3.9 ± 0.4 Hz, n = 14, n = 7; t test:
To analyze burst firing, we initially applied the classical 80/160 ms criterion introduced by Grace and Bunney (22) to identify bursts, which defines an interspike interval of <80 ms as the beginning of a burst and an interval of >160 ms as the ending of a burst. We found that in DA neurons of the VTA from D2R-OE mice, the burst rate was almost fourfold lower compared with controls [ Fig. 2B ; median (25-75% quantiles); control: , n = 22; Mann-Whitney U (MWU) test: U (28, 22) = 164, P = 0.005]. In addition, the percentage of spikes that were fired within bursts (% SFB) in the DA neurons of the VTA of D2R-OE mice was more than twofold lower compared with controls [ Fig. 2C ; control: 5.3 (1.3/29.6) %, n = 28; D2R-OE: 0.5 (0/6.5) %, n = 22; MWU test: U (28, 22) = 180.5, P = 0.012]. As with the decreased firing rate in D2R-OE mice, the bursting deficit in D2R-OE mice was specific for DA VTA neurons and not observed in DA SN neurons [ Fig. 2B ; burst rate in control: 2.5 (0.8/14.2) min −1 , n = 16; burst rate in D2R-OE: 3.6 (0.7/13.8) min −1 , n = 14; MWU test: U (16, 14) = 103, P = 0.868; and Fig. 2C ; % SFB in control: 2.7 (0.8/22.3) %, n = 16; % SFB in D2R-OE: 5.2 (0.8/21.8) %, n = 14; MWU test: U (16, 14) = 107.5, P = 0.819]. We also used the classical 80/160 ms burst criterion to characterize other aspects of burst activity. Thus, we examined intrinsic burst parameters, including mean intraburst frequency, maximum firing frequency, and number of spikes within bursts, but found no differences in these parameters for DA VTA or DA SN neurons between D2R-OE and control mice (Table S1 ). To analyze firing patterns in a frequency-independent manner, we applied our recently established stochastic model called GLO [Gaussian locking to a free oscillator (23) ], which characterizes the main features of global DA spike trains with respect to burstiness and regularity (details are provided in SI Materials and Methods). The GLO model classifies spike trains into four patterns: (i) single-spike oscillatory, (ii) single-spike irregular, (iii) bursty oscillatory, and (iv) bursty irregular. As evident in Fig. 2D and in accordance with the data described above, we observed a decreased percentage of all bursty cells (bursty oscillatory + bursty irregular) in DA VTA neurons (36% in controls, 21% in D2R-OE mice; Table S1 ). However, we did not find a statistically significant difference between the overall distribution of firing patterns (P = 0.687, χ 2 test). Because the GLO model classified DA VTA neurons according to firing pattern, we were able to identify a significant reduction of mean firing rates selectively in single-spike firing DA VTA neurons from D2R-OE mice compared with controls (MWU test: U (18, 15) = 197, P = 0.025). The GLO results suggest that two altered phenotypes are present in DA VTA neurons from D2R-OE mice: frequency reduction and burst rate reduction. We did not find other parameters of the GLO model, such as the degree of regularity of neuronal activity (θ) or the mean number of spikes per burst (λ), to be significantly altered (SI Materials and Methods and Tables S2 and S3) .
To determine if the reduction in bursting occurred selectively in subregions of the VTA, we generated a map of functional bursting (Fig. 2E ). This map revealed that most of the recorded DA VTA neurons in WT as well as D2R-OE mice resided in the posterior medial region of the VTA (the paranigral nucleus and the parabrachial pigmented nucleus; Fig. 2E , Upper and Middle). In contrast, our dataset has little coverage in the rostral VTA (Fig. 2E, Lower) . Within the posterior medial VTA, high-and low-bursting VTA DA neurons appeared to be randomly distributed in a "salt and pepper" fashion in control mice. However, in D2R-OE mice, high-bursting VTA neurons appeared to be selectively absent.
Normalizing D2R Activity in the Striatum Rescues the Slow DA VTA Firing Frequency, but Not the Deficit in Burst Activity in D2R-OE Mice.
To determine if the lower VTA firing frequency and burst activity observed in D2R-OE mice are due to the chronic or acute overexpression of striatal D2Rs, we switched off the transgene in adulthood in a separate cohort of mice and performed in vivo single-unit recordings on these mice. To switch off the D2R transgene, we fed the mice a doxycycline (Dox)-supplemented chow for 4-5 wk. Fig. 3 shows representative examples of the in vivo activity of DA VTA and DA SN neurons in isofluraneanesthetized control and D2R-OE mice treated with Dox. The results and statistical analysis are summarized in Fig. 4 and Table  S4 . Normalization of striatal D2R activity rescued the lower mean firing frequencies in DA VTA neurons in the D2R-OE mice, because there was no longer a difference from the control mice ( Fig. 4A ; control: 4.0 ± 0.6 Hz, n = 15, n = 6; D2R-OE: 3.7 ± 0.5 Hz, n = 16, n = 6; t test: t (29) = 0.4, P = 0.713). In addition, we observed significantly smaller spike train variability (CV) in DA VTA neurons from Dox-treated D2R-OE mice compared with Dox-treated controls (Table S4 ), suggesting that a greater regularity of firing is associated with increased striatal D2R activity that is limited to the pre-and postnatal development periods. As observed before, DA SN neurons did not show any difference in the mean discharge rates or variability ( Fig. 4A ; control: 4.8 ± 0.6 Hz, n = 10, n = 5; D2R-OE: 4.4 ± 0.5 Hz, n = 10, n = 4; t test: t (18) = 0.6, P = 0.569; Table S4 ).
In contrast to the normalization of mean firing rates, the burst deficit of DA VTA neurons in D2R-OE mice was not rescued by switching off the transgene. DA VTA neurons still displayed an approximately fourfold reduced burst rate [ , n = 10; MWU test: U (10,10) = 49, P = 0.925; % SFB of control: 9.4 (3.6/41.9) %, n = 10; % SFB of D2R-OE: 17.3 (0.5/40.9) %, n = 10; WMU test: U (10,10) = 50.0, P = 0.971]. Again, we detected no difference in intrinsic burst parameters between DA neurons of the VTA or SN in D2R-OE and control mice treated with Dox (Table S4) . Tables S1-S3 ). *P < 0.05; **P < 0.005.
As before, the GLO model analysis was concordant with the data described above and showed a persistent trend toward a smaller proportion of burst-firing DA VTA neurons (bursty oscillatory + bursty irregular neurons) recorded from Doxtreated D2R-OE mice compared with Dox-treated controls (25% in controls, 14% in D2R-OE mice; Fig. 4D and Table S4 ). In addition, and consistent with the overall reduction of firing variability in the DA VTA neurons of Dox-treated D2R-OE mice, the relative proportion of regular single-spike firing (i.e., single-spike oscillatory) VTA DA neurons was significantly increased in Dox-treated D2R-OE mice compared with Doxtreated controls (Table S4 ). Detailed analysis of GLO parameters of single-spike pattern firing DA VTA neurons confirmed their significantly increased regularity [e.g., a decrease in the measure or irregularity, θ, from Dox-treated D2R-OE mice compared with Dox-treated control mice; MWU test: U (9,12) = 101, P = 0.0003; Tables S2 and S3 ]. This observed increase in the regularity of activity in single-spike firing DA VTA neurons in Dox-treated D2R-OE mice did not affect the mean firing frequency of these neurons. As reported for all DA VTA subtypes combined, the reduction in mean firing frequency of single-spike firing DA VTA neurons from D2R-OE mice was not evident after Dox treatment (MWU test: U (9,12) = 52, P = 0.92).
In summary, we identified two altered firing phenotypes in DA VTA neurons from D2R-OE mice: a decrease in mean firing rate that was rescued by switching off the transgene and a reduction in burst firing that persisted after the transgene was switched off.
Increased D2R Activity in the Striatum Reduces the Level of NMDA Receptor Subunit Expression NR1 and NR2B Selectively in Mesolimbic DA VTA, but Not in Nigrostriatal DA SN Neurons. Because reduced bursting emerged as the persistent core deficit in the D2R-OE mice, we focused our molecular analysis on the key player of burst control in DA VTA neurons. Burst activity of the DA cells of the VTA in vivo is under powerful control of NMDA receptors (19, 20) . We therefore investigated if the reduction in burst activity observed in the DA VTA neurons of D2R-OE mice might be due to altered NMDA receptor subunit expression in these neurons. To quantify NMDA receptor subunit expression selectively in the DA neurons in identified projection pathways, we combined in vivo retrograde tracing with single-cell laser microdissection (LMD) and quantitative RT-PCR. Fig. 5 depicts representative examples and schematic maps of all injection sites of red fluorescent retrograde tracing beads in either the NAc (core/medial shell region, Fig. 5A ) or the dorsal striatum (Fig.  5B) . To obtain strict specificity of mesolimbic and nigrostriatal Normalization of striatal D2R activity restores the in vivo firing rates of DA VTA neurons in D2R-OE mice to control levels (DA VTA in control: n = 15, n = 6; DA VTA in D2R-OE: n = 16, n = 6; DA SN in control: n = 10, n = 5, DA SN in D2R-OE: n = 10, n = 4). (B) Mean burst rate of DA VTA and SN neurons; horizontal lines represent the median. The burst rate is persistently diminished in DA VTA neurons from D2R-OE mice after 5 wk of Dox treatment (DA VTA in control: n = 15, n = 6; DA VTA in D2R-OE: n = 16, n = 6; DA SN in control: n = 10, n = 5, DA SN in D2R-OE: n = 10, n = 4). (C) % SFB is also persistently reduced in DA VTA neurons after normalization of striatal D2R overexpression. Horizontal lines represent the median (DA VTA in control: n = 15, n = 6; DA VTA in D2R-OE: n = 16, n = 6; DA SN in control: n = 10, n = 5, DA SN in D2R-OE: n = 10, n = 4). (D) Relative distribution of firing patterns in DA VTA and SN neurons defined by GLO-dependent ACH classification after Dox treatment (DA VTA in control: n = 12, DA VTA in D2R-OE: n = 14, DA SN in control: n = 8, DA SN in D2R-OE: n = 10). (E) Functional burst map. Data are presented as in Fig. 2E (also Tables S2-S4 ). *P < 0.05.
DA neurons, only cDNA pools (derived from 10 neurons each) that tested positive for the catecholamine neuron marker TH and negative for the astroglial marker GFAP, as well as for the GABAergic neuron markers GAD65 and GAD67, were used for NMDA receptor subunit quantification by quantitative PCR assay. In addition, only calbindin d-28k-negative DA SN cell pools were included in the analysis (21) (Fig. 5 C and D) . We quantified mRNA levels of the NMDA receptor α subunit NR1 and the β subunits NR2A, NR2B, NR2C, and NR2D (Fig. 5E) . Statistical analysis revealed a significant reduction in mRNA levels for the pore-forming α subunit NR1 and the regulatory β subunit NR2B in mesolimbic DA neurons of the VTA in D2R-OE mice compared with controls (Table 1 ). In contrast, the expression levels of all NMDA receptor subunits tested were unchanged in nigrostriatal DA SN neurons in D2R-OE mice compared with controls (Fig. 5F) . A systematic mapping of all DA neurons we analyzed confirmed that collection sites were comparable between D2R-OE and control mice and that these collection sites focused on the posterior medial VTA, as did the electrophysiological experiments ( Fig. 5G compared with Figs. 2E and 4E). Table 1 provides a summary of all of the results and statistical analyses of NMDA receptor subunit expression levels in D2R-OE compared with control mice.
In summary, we have found a selective reduction of NMDA receptor NR1 α and NR2B β subunit expression exclusively in mesolimbic DA VTA neurons from D2R-OE mice, consistent with decreased burst firing in DA neurons from the same posterior medial region of the VTA.
Discussion
We have found that an increase in expression of postsynaptic D2Rs in the entire striatum results in selective in vivo changes of the firing patterns of DA neurons in the VTA. This alteration in DA VTA neuron in vivo firing has two main components:
(i) a decrease in the mean firing frequency of DA VTA neurons and (ii) a reduced bursting activity in these neurons. Only one of these components was reversible. Mean firing rates returned to control levels when overexpression of striatal D2Rs was switched off in adult mice with Dox. By contrast, the reduction in burst firing persisted, suggesting that distinct molecular mechanisms are involved in these two components. The fact that the bursting deficit was not reversible implies that there is a critical time window during development during which increased striatal D2R overexpression results in physiological changes that cannot be recovered from. This critical time window likely occurs during prenatal brain development, because we previously found that when D2R-OE transgene expression was restricted to the prenatal period by switching of the transgene from the day of birth, D2R-OE mice showed cognitive deficits in adulthood (11) .
In addition to the above phenotypes, switching of the D2R transgene not only reversed the reduction in firing frequency in DA VTA neurons but also generated an additional phenotype in these cells. After Dox treatment, DA VTA neurons showed a significantly increased regularity of the single-spike firing pattern. The emergence of this phenotype only after the transgene was switched off alludes to the complexity and profundity with which increased striatal D2Rs affect the development and functioning of the DA system. The increase in regularity of firing may reflect changes in DA VTA function, resulting from increased postsynaptic striatal D2R activity during pre-and/or postnatal development, that is compensated for, but only while the transgene is active. Several other studies have also demonstrated that genetic or pharmacological perturbations to the DA system during development can result in long-lasting functionally significant changes in different brain regions (e.g. refs. 24-26 and reviewed in ref. 27 ), suggesting vulnerability that likely has clinical significance. Although increased postsynaptic striatal D2R expression and activity were present in the entire striatum in our transgenic model, the observed alterations in the midbrain were DA subtype-selective, affecting neurons that project to the ventral, but not the dorsal, striatum. We found changes in the firing frequency and burst activity of DA neurons of the VTA, but no changes in either parameter in DA neurons in the SN. Therefore, the phenotypes observed were not due to a global effect on midbrain DA neurons.
The finding that increased striatal postsynaptic D2R activity has a selective effect on DA neurons of the VTA, but not the SN, is unexpected, given that both regions of the midbrain receive input (directly or indirectly) from the striatum (28), and suggests that the physiological consequences of striatal postsynaptic D2R hyperactivity are restricted to either a specific output from the striatum and/or a specific input to the midbrain (29) . The observation that striatal D2R overexpression selectively disrupted DA VTA neuron activity and spared DA SN neuron activity may not have been predicted based on striatal-midbrain circuitry; however, our findings appear to be fully consistent with the behavioral phenotypes we have observed in D2R-OE mice.
Thus, we previously found a reduction in incentive motivation in D2R-OE mice using two different assays. In one assay, the D2R-OE mice display a reluctance to work for preferred food rewards on a progressive ratio schedule of reinforcement (13, 15) . In this task, mice must work increasingly harder to earn successive food rewards, and D2R-OE mice quit after earning fewer rewards than control littermates. In another assay, we found that D2R-OE mice also exert less effort and earn fewer rewards in a current choice paradigm in which the mice can press a lever to obtain a preferred reward (milk) or, instead, consume less preferred food (regular home cage chow) without any work requirement (17) . Incentive motivation can be manipulated by modulating DA receptor activity in the NAc (30) . Moreover, the level of extracellular DA in the NAc has been found to correlate with the level of motivation during operant schedules of reinforcement (31) . Because mean firing frequency of mesolimbic DA VTA neurons regulates the tonic level of extracellular DA in the ventral striatum (32), our findings suggest that the observed deficits in incentive motivation may be a result of the reduction in firing frequency of DA VTA neurons that we report here. Consistent with this idea, both the decreased frequency of DA VTA neuron firing and the deficit in motivation are reversible phenotypes that are rescued by switching the transgene off (13, 17) . The transient reduction in mean firing rates could be due to changes in intrinsic pacemaker properties of DA VTA neurons and/or the result of an altered afferent drive; these possibilities remain to be elucidated. However, the concomitant higher regularity of spike trains in D2R-OE mice after Dox treatment may be an indication that intrinsic pacemaker properties, particularly small conductance calcium-activated potassium channels (33) in DA VTA neurons, may be affected by changes in striatal D2R activity. In contrast, alterations in synaptic excitation/inhibition balance (GABA A receptors/AMPA receptors) would primarily affect burst rate and burst length (34) .
In addition to displaying motivation deficits, D2R-OE mice show significant deficits in both learning and performing distinct types of cognitive tasks. Specifically, D2R-OE mice show deficits in several behavioral assays involving cue-dependent learning, specifically a "delayed-non-match-to-sample" t-maze task (11), a temporal discrimination task (13) , and a conditional associative learning task (12) . Such cue-dependent learning is thought to involve the phasic activity in mesolimbic DA VTA neurons. The relationship between DA VTA neuron burst firing and the presentation of cues that predict rewards has been observed to change systematically as animals learn the attributes of the cuereward relationship (35, 36) . A causal role for DA VTA neuron burst activity in cue-dependent learning has also been suggested by the finding that genetic disruption of burst activity resulted in altered cue-dependent learning (20) , as well as by recent evidence from optogenetic studies (37) . It therefore seems most likely that the reduction in DA VTA neuron burst activity presented here may underlie the deficits in cue-dependent learning that we previously reported in the D2R-OE mice. This idea is supported by the observation that both the reduction in burst firing and cue-dependent learning deficits persist after the transgene is switched off.
The fact that burst activity in the VTA was not rescued after switching off the D2R transgene suggests that this physiological phenotype may be due to the perturbation of a developmental process caused by increased striatal D2R activity during preand/or postnatal maturation. Such persistent developmental changes often occur at the level of gene transcription (e.g., refs. 38, 39). We therefore wondered whether the persistent reduction in burst activity in DA VTA neurons of the D2R-OE mice may be due to altered NMDA receptor expression. Indeed, it has previously been found that tonic activation of NMDA receptors causes spontaneous burst activity in DA VTA neurons in vivo (19) . In addition, genetic inactivation of NMDA receptor function in DA VTA neurons has been found to disrupt not only in vivo burst firing but also cue-dependent learning (20, 40) . To quantify NMDA receptor subunit expression in DA neurons from the VTA and the SN in a segregated way, we combined in vivo retrograde tracing of mesolimbic and mesostriatal DA neurons with UV-LMD of individual fluorescently labeled neurons and RT-quantitative PCR. This approach allowed us to isolate a particular projection pathway selectively within the mesocorticolimbic DA system located in the VTA (21) . We chose to isolate the mesolimbic projection to the NAc (core/ medial shell) because burst activity in this pathway is known to play a role in cue-dependent learning (30) , which is disrupted in D2R-OE mice (11, 12) . We found a reduction in the expression levels of NMDA receptor subunits NR1 and NR2B in mesolimbic DA VTA neurons from D2R-OE mice, which may be sufficient to cause the reduction in burst firing that we observed in these cells (20, 40) . In contrast, we did not observe any changes in NMDA receptor expression in nigrostriatal DA SN cells, which project to dorsal parts of the striatum. This finding supports the idea that selective down-regulation of these receptor subunits in DA VTA neurons in D2R-OE mice is responsible for the reduction in burst firing observed selectively in these cells.
How striatal D2R overexpression drives a specific reduction in VTA NMDA receptors is intriguing, particularly because both VTA and SN receive inputs from the striatum (28) . It may be that DA VTA neurons are more sensitive to the increased D2R signaling from the striatum compared with DA SN neurons and that the down-regulation in NMDA receptors is a response to regulate the balance of activity in the mesolimbic circuit. A dysfunction of NR2B-containing NMDA receptors is likely to be particularly relevant during prenatal and early postnatal development, when these receptors are the dominant receptor species in DA VTA neurons (41) . Subsequently, early postnatal synaptic maturation leads to a switch to predominantly NR2A-containing receptors. In contrast, DA SN neurons are lacking such a subunit switch, and thus this critical window during development. DA SN neurons exhibit NMDA receptors with a different subunit composition throughout their lifetime (42, 43) . Additional experiments are required to understand the differential impact on DA VTA and SN neurons. For example, it would be informative to know if NMDA receptors would be down-regulated if D2R-OE expression were restricted to prenatal development. Also, a restriction of the overexpression only to the ventral striatal neurons that project to the VTA could offer valuable clues as to whether this projection is responsible for the observed deficits or if the mechanism involves broader circuitry.
The behavioral processes that are disrupted in D2R-OE mice have been found to be affected by perturbations in the mesocorticolimbic DA system (30) . Behavioral pharmacological studies have found that within the mesocorticolimbic system, deficits in either the mesolimbic or mesocortical pathway could underlie deficits similar to the ones observed in D2R-OE mice (30) . Unlike in our molecular study, we could not distinguish between mesocortical and mesolimbic DA VTA neurons in our in vivo recordings, and therefore we cannot conclude whether one or both populations of neurons are affected. However, our in vivo recording approach was not likely to bias which of these two similar subtypes of neurons within the VTA we examined. In addition, mean firing rates and burstiness were reduced over the whole extent of the VTA area that we assayed (Fig. 2E) , which particularly focused on the posterior medial VTA, where both mesolimbic and mesocortical neurons are located (21, 44) . Thus, it is likely that the deficits in firing rates and burst activity occur in both mesolimbic and mesocortical neurons.
In contrast to our findings in the VTA, we found that DA SN neurons projecting to the dorsal parts of the striatum were not affected in either their in vivo activity or NMDA receptor subunit expression level. These findings are consistent with the absence of gross motor deficits in D2R-OE mice (11) . The finding of a decrease in activity in VTA, and not SN, DA projection neurons also seems to be consistent with recent findings in patients with schizophrenia. Using PET imaging, Slifstein et al. (45) have measured a decrease in DA release in cortical and other extrastriatal regions in patients compared with healthy controls. This widespread blunting of DA release is in contrast to the increase in DA release found selectively in the associative striatum that has been well documented in patients with schizophrenia (10, 46) . Like the dorsal striatum in mice, the associative striatum in humans receives its DA input from the SN. Therefore, one potential explanation for the bidirectional changes in DA release observed in the associative striatum vs. extrastriatal regions in patients may be differential changes in the VTA vs. SN subregions of the midbrain. Our D2R-OE mouse model suggests that alterations in postsynaptic D2R activity can result in such differential changes.
In summary, our findings demonstrate that the firing patterns of DA neurons in the VTA are selectively altered in vivo in mice with increased postsynaptic striatal D2R activity, a phenotype we created to model the increase in striatal D2R occupancy observed in patients with schizophrenia (46) . This altered firing pattern may be the result of a down-regulation of the NMDA receptor subunits NR1 and NR2B exclusively in this neuronal population at the level of transcription. Although the electrophysiological properties of identified DA neurons cannot be routinely studied in humans, there are data from patients that are consistent with our findings. Patients with schizophrenia show reduced activation of the midbrain in response to reward stimuli compared with healthy control subjects (47) . Such blunted activation is associated with reduced functional connectivity between the midbrain and cortical regions during reward processing in patients with schizophrenia (48) .
The data that we present here may explain some of the earlier descriptive data that we previously published on the D2R-OE mice. We found that D2R overexpression in the striatum has an impact on DA levels, rates of DA turnover, and activation of D1 receptors in the PFC (11), and we suggested that these changes in cortical DA may underlie the deficits we observed in corticaldependent cognitive tasks in D2R-OE mice. Here, we show that burst firing is reduced in DA neurons in an area of the midbrain that includes cells projecting to the PFC. Therefore, this model demonstrates the possibility that changes in striatal DA signaling that are similar to changes in striatal DA signaling observed in patients with schizophrenia may result in cognitive cortical deficits via changes in the physiological properties of midbrain DA neurons.
To our knowledge, there are no studies to date addressing NMDA receptor expression levels in identified DA midbrain neurons of patients with schizophrenia, although decreases in NMDA receptor subunit mRNA have been found in the cortex (49) (50) (51) . Therefore, it now becomes of interest to look at the NMDA receptor protein or mRNA levels in postmortem midbrain tissue from patients with schizophrenia. If molecular changes occur in patients similar to those molecular changes observed in our mouse model, selective pharmacological modulation of NMDA receptor activity might provide a potential target for treatment of the cognitive deficits in schizophrenia, for which there are currently no efficacious therapeutic strategies available.
Materials and Methods
Animals. All procedures were carried out according to the guidelines of the German Tierschutzgesetz and were approved by the Regierungspräsidium Darmstadt (V54-19c 20/15-F40/29) and Regierungspräsidium Tübingen (Aktenzeichen 35/9185.81-3; TV-No. 1043). D2R-OE mice were generated and bred at Columbia University, as described previously. More details are provided in SI Materials and Methods. All experiments were performed on male adult D2R-OE mice paired with control littermates (age range of pairs was 3-10 mo). Temporal regulation of transgene expression was achieved by feeding adult mice with Dox-supplemented chow (40 mg/kg; Bio-Serv) for 4-5 wk.
In Vivo Extracellular Single-Unit Recordings and Juxtacellular Labeling. In vivo extracellular single-unit recordings and juxtacellular labeling were essentially as described previously (52) . In brief, single units of DA VTA and DA SN neurons were extracellularly recorded in isoflurane-anesthetized mice. After recording (≥10 min), neurons were selectively labeled with neurobiotin using the juxtacellular technique (53) and subjected to immunohistochemical analysis for verification of the DA phenotype and localization within the midbrain subnuclei. Only identified DA neurons (TH-positive cells) were included in the analysis. Details of in vivo extracellular single-unit recordings as well as immunohistochemistry and confocal analysis are provided in SI Materials and Methods.
Retrograde Tracing. Retrograde tracing was essentially as described previously (21) . Rhodamine-coupled latex microspheres (Retrobeads; Lumafluor) were injected bilaterally into the ventral striatum (specifically the core and medial shell region of the NAc) or unilaterally into the dorsal striatum of D2R-OE and littermate control mice. Experimental details are provided in SI Materials and Methods.
UV-LMD and Quantitative Real-Time PCR of Retrogradely Labeled Neurons. UV-LMD and RT of mRNA from retrobead-labeled neurons, as well as multiplex-nested PCR and quantitative real-time PCR (qPCR), were performed essentially as previously described (54, 55) . The mRNA values are given with respect to a relative cDNA standard, derived from mouse midbrain tissue. Details of data analysis, TaqMan primers, probes, and standard curve details for RT-qPCR quantification of NMDA receptor subunits are provided in SI Materials and Methods and Table S5 .
Statistical Analyses.
Electrophysiology experiments. Datasets were analyzed for Gaussian distribution using the Kolmogorov-Smirnov test. When the null hypothesis of normal distribution was not rejected, the data from each genotype were statistically compared by a Student's t test, and the data values are expressed as means ± SEM. When the null hypothesis of normal distribution was rejected, the data from each genotype were statistically compared using a MWU test, and we provide median values and 25-75% quantiles. The distribution of in vivo firing patterns was analyzed using Pearson's χ 2 test. In case of a significant result, individual tests were carried out using Fisher's exact test for each pattern class by pooling the other three groups. Resulting P values were compared with Bonferroni-corrected α-level values. For all electrophysiological analysis, "n" indicates the number of analyzed neurons and "N" indicates the number of animals from which these neurons were derived, which was always N ≥ 4 animals per group. Gene expression experiments. All expression data were analyzed using a MWU test, and we present median values and 25-75% quantiles. For expression analysis, n indicates the number of neuronal pools analyzed. The number of animals, indicated by N, from which these neuronal pools were derived is provided in Results and was always N = 6 animals per group.
In all figures and tables, statistical significance levels were indicated as P < 0.05 (*), P < 0.01 (**), or P < 0.001 (***). All statistical analyses were carried out with Prism 5 (GraphPad Software), SPSS 19 (IBM Corporation), Microsoft Excel (Microsoft Corporation), MATLAB (R2013b; Mathworks), or R (www. r-project.org).
